High-energy neutrino flare from cloud-jet interaction in the blazar PKS
  0502+049 by He, Hao-Ning et al.
ar
X
iv
:1
80
8.
04
33
0v
2 
 [a
str
o-
ph
.H
E]
  1
4 A
ug
 20
18
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Following the detection of a ∼300 TeV neutrino potentially associated with the flaring blazar
TXS 0506+056, an excess of neutrinos around its position in 2014-2015 was revealed by IceCube.
However, its contemporaneous quiescence in γ-rays is challenging to interpret consistently. Mean-
while, the blazar PKS 0502+049, positioned within the neutrino localization uncertainties, was seen
to be flaring in γ-rays. We show that dense, line-emitting gas clouds that interact with its jet and
induce cosmic ray acceleration and hadronuclear interaction can plausibly explain the 2014-2015
neutrino flare.
PACS numbers: 95.85.Ry,98.54.Cm
Introduction The IceCube Observatory detected a ∼
300 TeV neutrino on September 22, 2017 that was spa-
tially and temporally coincident with a γ-ray flare from
the blazar TXS 0506+056, with a significance of ∼ 3σ
[1]. The potential association between the activity of
TXS 0506+056 and the event makes the object a promis-
ing candidate source of high-energy neutrinos. Blazars
are active galactic nuclei powered by supermassive black
holes (SMBHs) with relativistic jets pointing nearly to-
ward the observer. The neutrino can be generated
through acceleration of protons to sufficiently high en-
ergies in the jet and its subsequent photopion interaction
with ambient radiation fields, either internal or external
to the jet [2–5]. An alternative possibility is hadronu-
clear interactions of accelerated protons with dense gas
clouds in the vicinity of the jet [6], although there is no
observational evidence in TXS 0506+056 of broad line
emission that point to the presence of such clouds [7].
Furthermore, the IceCube Collaboration investigated
9.5 years of historical data around the position of the
blazar. They also found an excess of events with a signif-
icance of 3.5σ, consisting of 13± 5 neutrinos with energy
above 30 TeV during a 158-day box-shaped time window
from MJD 56937.81 to MJD 57096.21 (September 2014
to March 2015), which is above the expected atmospheric
background [8].
During this time window, the blazar TXS 0506+056
was relatively inactive in γ-rays [9, 10]. The quiescent
γ-ray activity is difficult to interpret consistently with
the high-energy neutrino flare in 2014-2015, using the
same models that were discussed for IceCube-170922A
associated with the γ-ray flaring state.
On the other hand, separated in the sky by 1.2◦ from
TXS 0506+056 is the blazar PKS 0502+049, at right
ascension (RA) 76.35◦, declination (Dec) +5.00◦ (J2000
equinox) [11], and redshift z = 0.954 [12]. The latter was
observed to be active in GeV γ-rays around the 158-day
box-shaped time window [9, 10]. The spatial coincidence
between the 2014-2015 neutrino flare and PKS 0502+049
cannot be completely excluded, since the median angu-
lar resolution of the IceCube Observatory for ∼30 TeV
neutrinos is about 0.5◦ [8].
The Fermi-LAT light curve of PKS 0502+049 reveals
two bright flares from MJD 56850 to MJD 57150 (i.e.,
from 2014-2015), overlapping with the 158-day time win-
dow, with flux about one order of magnitude higher
than TXS 0506+056 [9]. Its photon flux in the en-
ergy range 0.1-500 GeV during this period is ∼ 5.0 ×
10−7 ph cm−2s−1, much larger than that averaged over
its quiescent state from MJD 56000 to MJD 56700 with
8.3 × 10−8 ph cm−2s−1. If one assumes that the γ-rays
in the quiescent state has a predominantly leptonic ori-
gin (i.e. are emitted by accelerated electrons) that has
not significantly varied over time, the γ-rays in the ac-
tive state can be considered to be dominated by hadronic
processes. In hadronuclear interactions, the ratio be-
tween the observable flux of γ-rays to muon neutrinos
is Nγ : Nνµ ∼ 2 : 1 [13], considering the equipartition
among the three neutrino flavors after their oscillations
during propagation. Assuming a power-law spectrum
with index -2 for the accelerated protons, the muon neu-
trino flux at 100 TeV is estimated to be E2νµdNνµ/dEνµ ∼
2.5×10−8 GeV cm−2 s−1, by extrapolating the observed
γ-ray flux at 0.3 GeV. Approximating the effective area
2of IceCube as Aeff ∼ 100 m
2 for ∼100 TeV neutrinos, the
number of muon neutrino events detectable by IceCube
during the active phase of PKS 0502+049 is estimated
to be ∼6, comparable to the observed number of excess
events 13 ± 5. Therefore, it is plausible that the active
blazar PKS 0502+049 contributed to the neutrino flare.
Moreover, the blazar PKS 0502+049 is classified as a
flat spectrum radio quasar (FSRQ) that exhibits broad
emission lines, a signature of the presence of broad line
region (BLR) clouds within parsecs from the SMBH.
Therefore, hadronuclear interactions between protons ac-
celerated in the jet and dense cloud gas in PKS 0502+049
can naturally occur once the clouds enter the jet, and
then produce γ-ray flares simultaneously with neutrino
flares [14–17].
In this work, we consider hadronuclear processes in-
duced by the interaction between the jet flow and clouds
in PKS 0502+049, and calculate the expected muon neu-
trino detection rates by IceCube, assuming the observed
γ-ray flux during its flare is due to pion decay.
Cloud-Jet Interaction Model: The velocity dispersion
of clouds in PKS 0502+049 is measured to be vc =
4184km/s [18]. The moving clouds can penetrate into
the jet, give rise to shocks in the jet flow behind the
cloud that accelerates protons, which can then interact
with the matter in the dense cloud and produce flares
in both high-energy neutrinos and γ-rays [14–17]. The
crossing timescale of the cloud over the jet is estimated
as
tcr = 2Rjet/vc = 166 day Rjet,15.5, (1)
where Rjet = θzjet is the jet radius at the cloud-jet in-
teraction site, with θ is the jet semi-opening angle and
zjet is the distance of the cloud-jet interaction site to the
central SMBH. The whole duration of the flaring activity
is about tobsact ≃ (1+z)tcr. Given the observed duration of
activity of tobsact ∼ 300 days, the jet radius at the cloud-jet
interaction site is about Rjet ∼ 10
15.5 cm.
Based on broadband spectral fitting of blazars, the
magnetic field strength in the jet B is typically estimated
to be of order 0.1–1 G [19–21]. Assuming a similar value
for the shocked jet region, the acceleration timescale of
protons can be expressed as
tacc ≈
ǫEp
qBc
≃ 1× 102 s ǫEp,15B
−1
0 , (2)
where ǫ is the acceleration efficiency, q is the particle
charge, and Ep is the proton energy. For simplicity, here
we set ǫ = 1. Comparing the acceleration timescale with
the dynamical timescale tdyn = Rc/c = 3 × 10
3 s Rc,14
with Rc as the size of the cloud, one can estimate the
maximum energy of the protons as
Ep,max ≈ qBRc/ǫ ≃ 3× 10
16 eV Rc,14B0. (3)
Taking the average hydrogen column density of the
cloud as NH = 10
23 cm−2 [22], the hydrogen volume den-
sity is approximately nH = 10
9 cm−3 NH,23R
−1
c,14. The
characteristic cooling timescale of protons in pp collisions
is
tpp ≈
1
κppσppnHc
= 2× 106 s N−1H,23Rc,14, (4)
where the pp cross section and inelasticity are σpp =
4 × 10−26 cm and κpp = 0.45 [23], respectively. Since
the magnetic field in the cloud is ∼ 10 G [24], acceler-
ated protons impinging into the cloud can be trapped
within during the crossing time of the cloud [25]. The
efficiency of pp collisions can be calculated by comparing
the cooling timescale and the crossing timescale, i.e.,
fpp = min(1, tcr/tpp) ∼ 1, (5)
since tcr ≫ tpp.
The fraction of the kinetic energy of the jet channeled
into protons, and the fraction of the accelerated protons
that penetrate into the cloud are described as fdis and fc,
respectively. Here we assume that most of the accelerated
protons can reach the cloud, i.e., fc ∼ 1which might be
achieved by a cluster of clouds with size of Rc ≪ Rjet. In
hadronuclear interactions, charged and neutral pions are
generated with ratio π± : π0 ≈ 2 : 1. γ-rays are produced
via the decay π0 → 2γ, and the resulting γ-ray energy
flux is
E2γ
dNγ
dEγ
≈
1
3
fppfdisfcPjet/(4πD
2
Lfd)
≃ 2.5× 10−8 GeV cm−2 s−1 fdisPjet,49,
(6)
where DL = 6.4× 10
3 Mpc is the luminosity distance of
PKS 0502+049 [12], fd = ln(Ep,max/Ep,min) ≃ 17 with
Ep,max ∼ 3 × 10
16 eV and Ep,min ∼ 9 × 10
8 eV as the
maximum and minimum energies of the protons.
We can evaluate the expected neutrino energy flux per
flavor after considering neutrino oscillations, as
E2νµ
dNνµ
dEνµ
≈
1
6
fppfdisfcPjet/(4πD
2
Lfd)
≃ 1.3× 10−8 GeV cm−2 s−1 fdisPjet,49.
(7)
We note that γ-rays with energy larger than a few ten
GeV will be absorbed by γγ interactions with UV-optical
photons produced in the clouds [22, 26], while high-
energy neutrinos can escape the source without atten-
uation.
According to Eq. (6), providing the observed γ-ray
flux as in Figure 1 via hadronuclear interactions requires
a high dissipation efficiency and a high jet power, i.e.,
fdisPjet,49 ∼ 2.
By assuming that both the observed GeV γ-rays and
high-energy neutrinos originate from the same hadronu-
clear interactions, the measured flux of the former con-
strains the detection rates of the neutrinos. Uncertainty
3TABLE I. The predicted number of muon neutrinos de-
tectable by IceCube from PKS 0502+049 during its active
phase, for each proton spectral index corresponding to the
three spectra in Figure 2
p Pjet Nνµ
(1049 erg s−1)
1.9 7.2 15
2.0 3.5 4.5
2.1 2.2 1.4
in the spectral index of the accelerated protons leads to
uncertainty in the neutrino flux.
In Fig. 1, we plot three γ-ray spectra for different spec-
tral indices p to compare with observations. We set the
γ-ray flux at 0.5 GeV to be the same value, by adjust-
ing the jet power Pjet. For the remaining parameters,
we fix fdis = 1, the observed cutoff energy of the γ-ray
spectrumEγ,cut = 20 GeV, and the maximum energy of
the accelerated protons Ep,max = 30 PeV.
Fig. 2 plots the corresponding muon neutrino spectra,
which can extend to energies 0.1Ep,max/(1 + z) ∼ 150
TeV. Adopting the effective area for IceCube appropriate
for the zenith angle of the object [8], we integrate the
neutrino flux over the active duration of the blazar, and
derive the detection rates of muon neutrinos by IceCube
from PKS 0502+049. The neutrino detection rates, the
spectral index of accelerated protons and the required jet
power for each model are listed in Table I.
Table I shows that with the constraint from the ob-
served GeV γ-rays, our model can provide 4.5 neutrinos
for a flat spectrum of the accelerated protons and a jet
power of Pjet = 3.5 × 10
49 erg s−1. More neutrinos can
be produced for a harder proton spectrum and a higher
jet power, for example, 15 neutrinos can be produced for
p = 1.9 and Pjet = 7.2× 10
49 erg s−1.
Discussion: In this work, we assume that high-energy
protons are confined in the clouds during the time that
the clouds cross the jet. Thus the efficiency of hadronu-
clear interactions can reach unity, since the pp cooling
timescale tpp is much smaller than the crossing timescale
of the cloud tcr.
The protons confined in the cloud interact with the
dense gas in the cloud and emit γ-rays and high-energy
neutrinos isotropically in the rest frame of the cloud.
The motion of the cloud along our line of sight is non-
relativistic, implying no significant Doppler boosting of
the emitted photons and neutrinos [16]. An expected
spectral feature is the pion bump at ∼ 67/(1 + z) MeV
in the γ-ray and neutrino spectra that reflect the thresh-
old energy of pp collisions, of which future searches in
γ-rays will help us to confirm or exclude a hadronuclear
origin.
The mass of the central black hole for PKS 0502+049 is
7.5×108M⊙ [18], with corresponding Eddington luminos-
ity LEdd = 9.5×10
46 erg s−1. To explain the gamma-ray
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FIG. 1. γ-ray spectra of PKS 0502+049 during its active
phase. The blue dots are the observed data from Fermi-LAT
and the black lines are the prediction from the cloud-jet in-
teraction model with different proton spectral indices as indi-
cated in the legend.
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FIG. 2. Predicted muon neutrino spectra from the cloud-jet
interaction model with the same parameters as in Figure 1.
flares and neutrino flare, the required accretion rate of
PKS 0502+049 must exceed the Eddington luminosity by
about two orders of magnitude during the flaring phase.
Though it might be rare, the super-Eddington case can
be achieved for jets from tidal disruption of massive stars
[27].
The rate of observing such an association between neu-
trino flares and γ-ray flares in FSRQs depends mainly on
the distance of the object, the frequency of clusters of
clouds crossing the jet, the power of the central engine
during the flares, the dissipation efficiency, the efficiency
that the accelerated protons reach the cloud, and the
hadronuclear interaction efficiency, most of which have
4large uncertainties. Their effect on the observables are
embodied together in the rate of such flares and the γ-
ray flux of the flares, if the γ-rays arise from pion decay
in hadronuclear interactions.
The high-energy γ-ray photons are likely attenuated
by γγ pair production with UV-optical photons from the
clouds [22, 26], as well as cosmic optical and infrared
background photons during their intergalactic propaga-
tion [28], which is consistent with the fact that most FS-
RQs have soft γ-ray spectra [29]. Therefore, the intrinsic
γ-ray photon fluence before attenuation is expected to
be higher than the observed fluence. The value of the
intrinsic fluence depends on the spectral index of the ac-
celerated protons, as well as details of the UV-optical
spectra of the cloud and the extragalactic background
light. FSRQ flares with a high intrinsic γ-ray photon
fluence are promising candidates for detecting correlated
neutrino flares. Future detailed studies of the long-term
γ-ray variability of FSRQs will help us to understand
better the probability of detecting associated γ-ray and
neutrino flares.
Note that the duration of the γ-ray flares also affects
the detectability, since a longer duration will imply more
background events for neutrinos. Another important as-
pect is the sky location of the targets with respect to
IceCube, since it is most sensitive to high-energy neu-
trinos at zenith angles slighly below the horizon at the
Sourth Pole [8].
Both time-integrated [30] and time-dependent [31]
searches in IceCube historical as discussed in [8, 32, 33]
for further flares with high intrinsic γ-ray fluence in
FSRQs including PKS 0502+049 are highly motivated.
With more detections of the association between high-
energy neutrinos and the active state of FSRQs in the
future, the uncertainties of the cloud-jet model can be
further constrained, e.g. cloud density, jet power, dissi-
pation efficiency, and confinement of protons in the cloud.
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